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The radiative transitions between the 4d105p2(3P0,1,2)nl and
4d105s5p(3P o
1
)nl autoionizing states of an indium atom that rep-
resent dieletroni satellites of the 4d105p2 3P0 → 4d105s5p 3P1
(λ = 171.7 nm), 4d105p2 3P1 → 4d105s5p 3P1 (λ = 166.7 nm),
and 4d105p2 3P2 → 4d105s5p 3P1 (λ = 160.7 nm) spetral lines
of an In
+
ion have been observed for the rst time. The energy de-
pendenes of the eetive exitation ross setions of dieletroni
satellites, as well as near-threshold regions of these spetral lines,
were investigated in the range of eletron energies 9÷15 eV with the
help of the spetrosopi method using rossed beams of eletrons
and In
+
ions. The absolute exitation ross setions of dieletroni
satellites amount to (0.7÷ 2)× 10−16 m2 and are of the same or-
der of magnitude as the eetive exitation ross setions of the
orresponding ioni lines. It is found that a onsiderable inrease
of the probability of radiation deay of the 4d105p2(3P0,1,2)nl au-
toionizing states of the In atom is related to strong relativisti and
orrelation eets, in partiular to the onguration interation of
the 5p2nl levels both with one another and with the levels of the
5s5dnl and 4d95s25p2 ongurations.
1. Introdution
Progress in many elds of siene and tehnology de-
pends on the knowledge about quantitative and qual-
itative harateristis and mehanisms of the pro-
esses aompanying eletron-ion ollisions. Data on
these proesses are important for the suessful de-
velopment of suh areas of the modern siene as
plasma physis, astrophysis, physis of nulear rea-
tions with heavy ions, laser and analytial tehnol-
ogy, thermonulear energetis, quantum hemistry, et.
[13℄. Elementary proesses of eletron-ion ollisions
also learly manifest themselves in the phenomena tak-
ing plae in the upper atmosphere of the Earth and
other planets. It is worth noting that spetral lines
of heavy many-eletron elements have been reently
observed in spetra of stars and in the interstellar
spae [4℄.
The results of experimental and theoretial researhes
performed during reent years in leading sienti groups
of the world testify to the ompliated mehanism of in-
elasti proesses running in the ase of ollisions between
slow eletrons and ions [5,6℄. It is mainly explained
by resonane eets related to the formation and de-
ay of autoionizing states (AIS) of the eletron+ion
system. In the ase of eletron-ion ollisions, the long-
range Coulomb eld of an ion not ompensated by ele-
trons results in the innite number of AISs onverg-
ing to eah ion level. They deay both via the ele-
tron hannel (radiationless deay aompanied by the
ejetion of an eletron), whih results in a ompliated
resonane struture of the sattering ross setions and
a onsiderable addition to the eetive ross setion
of diret exitation, and via the radiation hannel in
the proess of dieletroni reombination (DR) of the
ion. As is known [7,8℄, in addition to the DR pro-
ess proper (whih is in many ases determinative for
the ionization equilibrium of plasma), DR of ions also
manifests itself in the form of satellites of the reso-
nane and other lines of an ion appearing in the ase
of radiative transitions from AISs (so-alled dieletroni
satellites). They are present in spetra of reombin-
ing plasma (for example in spetra of solar ares, laser
plasma, plasma of tokamaks, et.). The wavelengths
of dieletroni satellites are lose to those of the or-
responding spetral line of an ion and very suitable
for the diagnostis of laboratory and astrophysial plas-
mas, as the ratio between the intensities of satellites
and resonane lines essentially depends on the tempera-
ture [9℄.
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Fig. 1. Diagram of the set-up: 1  ollision hamber, 2  ion
soure, 3  ion seletor, 4  ooled atom trap, 5  eletron gun, 6 
ion olletor, 7  rossing region of beams, 8  radiation from the
ollision area, 9  vauum shutter, 10  ontrol mehanism of the
grating rotation, 11  step motor, 12  vauum monohromator,
13  radiation detetor unit
A speial kind of this type of dieletroni satellites
is presented by those radiating in the ase of radia-
tive transitions between AISs. This radiation han-
nel of deay is realized for the AISs that onverge to
ion levels loated above resonane (lowest) ones. It
is worth noting that, during almost three deades of
experimental investigations of DR, the radiation ob-
served in experiments orresponded to transitions, for
whih only the upper level was autoionizing, whereas
the lower level represented one of the bound levels of a
neutral atom (or an ion with harge multipliity lower
by unity in the ase of multiply harged ions) [2, 5℄. Ra-
diative transitions between the 4d9(2D5/2,3/2)5s
2nl and
4d105p(2P o
1/2,3/2)nl AISs in the proess of DR in the ase
of eletron-ion ollisions were for the rst time observed
in the ourse of investigations of the near-threshold re-
gions of the eetive exitation ross setions of the
(4d95s22D3/2 → 4d
105p2P o
1/2,3/2) laser transitions of a
Cd
+
ion [10℄ (there were also obtained the energy de-
pendenes of their eetive ross setions). The results
of this researh have demonstrated that the eetive ex-
itation ross setions of dieletroni satellites amount
to ∼ 10−17 m2 and are omparable to the eetive
exitation ross setions of the orresponding spetral
lines.
Investigations of the eletroni exitation of an In
+
ion
are rst of all interesting from the viewpoint of atomi
physis, as it represents an atomi system with om-
pleted valene (5s2) and subvalene (4d10) shells. More-
over, it is haraterized by strong orrelations both in-
side the shells and between them and the eetive si-
multaneous exitation (exept for one of the s- or d-
eletrons) of two s-eletrons, whih onsiderably om-
pliates the spetrum of this ion.
In this work, we present the results of the spe-
trosopi analysis of the exitation of the radia-
tive transitions between the 4d105p2(3P0,1,2)nl and
4d105s5p(3P o1 )nl AISs of an indium atom in the ase
of ollisions between slow eletrons and In
+
ions.
2. Experimental Apparatus
The experiment was performed using the spetrosopi
method under the rossing of the eletron and In
+
ion
beams at the right angle. As one an see from the di-
agram of the set-up presented in Fig. 1, it onsists of
a high-vauum ollision hamber that ontains an ion
soure, ion seletor, eletron gun, vauum monohroma-
tor with a mehanism allowing one to ontrol the rota-
tion angle of the diration grating, unit of radiation
detetors, vauum pumping system, power supply unit,
modulation system for registration of the investigated ra-
diation, CAMAC rate, and personal omputer for the
proessing and storage of data. Experiments with in-
dium metal make strit demands for the onstrution
of the ion soure, breakdown protetion of the isolators
of the ion-optial lens system, and the hoie of optimal
parameters of the experiment. The basi units of the set-
up are desribed in [11,12℄ in detail. The present work
inludes only the aspets most important for performing
these preision measurements.
A number of tehnial improvements of the onstru-
tion of the ion soure, as well as the optimal mode of
its operation, allowed us to obtain a stable beam of In
+
ions (mainly in the ground-state) with a ross setion
of 2 × 2 mm2 and a urrent of Ii = 2 × 10
−6
À at
an energy of 700 eV. The low-energy three-anode gun
formed a strip-like eletron beam with a ross setion of
1× 8 mm2 in the range 9÷15 eV with a urrent equal to
Ie = (1 ÷ 1.2)× 10
−4
À.
As is known, under real onditions of studying the
eletron-ion ollisions, one registers superweak signals
from the investigated proesses, whih is related, rst of
all, to low (< 107 m−3) onentrations of the interat-
ing partiles (whih are ve orders of magnitude lower
than the onentrations of atoms in similar experiments
in the ase of eletron-atom ollisions). That is why,
in order to obtain a proper level of the useful signal,
one should deal with rather high values of Ie. In turn,
this results in the worsening of the energy homogeneity
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of the eletron beam. Whene it follows that, adjust-
ing the eletron gun, it is neessary to nd a reasonable
ompromise in the mathing of the eletron urrent Ie
and the maintenane of a suient energy homogene-
ity of the eletron beam. Thus, the energy homogeneity
of the eletron beam in our experiments amounted to
∆E1/2 ∼ 0.8 eV.
Spetral deomposition of the radiation was real-
ized with the help of a 70-degree SeyaNamioka va-
uum monohromator with a onave toroidal grating
(1200 lines per mm) and the reiproal linear dispersion
∂λ/∂l ∼ 1.7 nm/mm. The radiation was deteted by
means of a solar blind photomultiplier. The time of data
storage at eah experimental point amounted to 2000 s,
whereas the magnitude of the useful signal was equal to
0.5÷0.2 pulses per seond at a signal/bakground ratio
from 1/10 to 1/30.
In order to obtain the absolute ross setion of ele-
tron exitation of dieletroni satellites, it was neessary
to determine the spetral sensitivity of the experimental
apparatus ηλ [2℄. For this purpose, the intensity of the
investigated radiation was to be thoroughly ompared to
the absolute standard. As the studied spetral lines lie in
the wavelength range 100200 nm (that is, in the ultravi-
olet spetral region), the most aurate alibrated soure
in this region is the synhrotron radiation of eletron a-
elerators. As we had no possibility to use a synhrotron,
the spetral sensitivity of the set-up was determined with
the help of the tehnique, where the alibrated radiation
soure was presented by one of the gases exited by the
eletron impat. This tehnique was desribed in [13℄ in
detail, and its essene onsists in that, under onstant
measurement onditions, the spetral sensitivity of a set-
up ηλ is a funtion of only the eetive exitation ross
setion of the spetral line σ. Thus, knowing the ele-
tron exitation ross setions of several spetral lines of
the given gas, we an determine the relative spetral
sensitivity of the experimental set-up. In our ase, the
disrete values of the funtion ηλ = f(λ) are determined
aording to the formula
ηλi =
C1σi
Ciσ1
ηλ1 , (1)
where ηλi and ηλ1 denote the sensitivities for two spe-
tral lines with the wavelengths λi and λ1, respetively,
Ci and C1 are the signals measured at these wavelengths,
and σi and σ1 represent the orresponding eetive exi-
tation ross setions. Index 1 indiates the spetral line,
for whih ηλ was aepted to be equal to unity, and the
number of values taken on by i is equal to the number
of lines with known exitation ross setions.
Based on the above-stated onsiderations, we deter-
mined the relative spetral sensitivity of the experimen-
tal set-up with the help of the eletron-impat exita-
tion ross setions of nitrogen spetral lines [14℄. Our
measurements were arried out at an eletron energy
of 100 eV and a pressure in the ollision hamber of
10−5 Torr. The absolute spetral sensitivity of the set-
up in the wavelength range 110÷180 nm was determined
with an error not exeeding 30 % using, as a refer-
ene, the absolute eletron-impat exitation ross se-
tion of the resonane line of an In
+
ion at the wavelength
λ = 158.6 nm [11℄ obtained by normalizing the experi-
mental data at an energy of 300 eV to the results of the-
oretial alulations by the semiempiri Van Regemorter
formula.
3. Results and Their Disussion
An In
+
ion is isoeletroni with respet to a admium
atom that obeys the general regularities of spetra with
ompleted valene 5s2 and subvalene 4d10 shells. The
ground state of the In
+
ion has the 4d105s2 1S0 on-
guration. A simultaneous exitation of two valene 5s2
eletrons results in the formation of additional ion states
along with the ommon ones. Those are the so-alled
shifted terms [15℄, for whih the radiative deay to the
ground state is forbidden aording to the seletion rules.
That is why they an ombine only with eah other or
with ommon terms. The positions of the
3P0,1,2,
1D2,
and
1S0 shifted terms of the 5p
2
onguration for the
In
+
ion are known from the literature [16℄ (see Fig. 2).
Aording to the seletion rules for shifted terms [15℄ (if
∆li = ±1 for one eletron, then ∆li = 0, ±2 for the
other one; moreover, ∆J = 0, ±1, exept for the ases
J1 = 0 → J2 = 0), the most probable deay hannel of
the levels of the 5p2 onguration is their radiative de-
ay into the 5s5p (3P oj ,
1P o1 ) resonane levels of the In
+
ion.
In the ourse of studying the eletron exitation of ra-
diative transitions from the 4d105p2 3P0,1,2 shifted terms
of the In
+
ion [12℄ aording to the reation
e+ In+(4d105s2)1S0 → e1 + In
+∗(4d105p2)3P0,1,2 →
→ e1 + In
+∗(4d105s5p)3P o1 + hν1,2,3 (2)
(λ1 = 171.7 nm, λ2 = 167.7 nm, and λ3 = 160.7 nm), we
revealed a radiation lower than the exitation thresholds
in the wavelength interval λi ± 2.0 nm with respet to
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Fig. 2. Diagram of the lower levels of an In
+
ion and AISs on-
verging to them
eah line. In order to interpret the nature of this radi-
ation, we performed the preision investigations of the
near-threshold regions of the energy dependenes of the
eletron exitation of the indiated spetral lines.
Figure 3 presents the investigation results, the on-
dene interval indiated at eah point with the proba-
bility 68 %, and the threshold exitation energies of the
shifted terms of the In
+
ion [17℄. The mean square er-
ror of relative measurements did not exeed ±20 % in
the whole investigated energy interval. The auray
of the energy sale determination amounted to ±0.1 eV.
The absolute values of the measured exitation funtions
were obtained to within ±30%.
As one an see from Fig. 3, the energy dependenes
in the region below the exitation thresholds of the
5p2 3P0,1,2 levels (9÷12 eV) are haraterized by reso-
nane peuliarities. Comparing their energy positions
to the exitation energies of the 5p2(3Pj)nl autoioniz-
ing states of the In atom with regard for the fat that
these resonane peuliarities result from the radiation of
satellite lines lying in the experimentally observed wave-
length interval (λi ± 2.0 nm), we onluded that they
are related to the exitation of the radiative transitions
between the 5p2(3Pj)nl [16℄ and 5s5p(
3P o1 )nl [18℄ AISs.
Moreover, the most probable mehanism of their exita-
tion is the DR proess:
e+ In+(4d105s2) 1S0 → In
∗∗
[
4d105p2(3P0,1,2)nl
]
→
→ In∗∗
[
4d105s5p(3P o1 )nl
]
+ hνn, (3)
Fig. 3. Energy dependenes of the eetive exitation ross se-
tions of dieletroni satellites of the spetral lines λ = 171.7 nm
(1), λ = 166.7 nm (2), λ = 160.7 nm (3) of an In+ ion
where λ1 = 171.7 ± 2.0 nm; λ2 = 167.7 ± 2.0 nm;
λ3 = 160.7 ± 2.0 nm, i.e. they represent dieletroni
satellites of the studied spetral lines. It is worth noting
that, in this ase, the radiation stabilization of AISs is
realized to the AISs of the 5s5pnl onguration (rather
than to the bound states of the atom), whose onver-
gene limit is presented by the 5s5p 3P o1 resonane level
of the In
+
ion. Moreover, the dieletroni satellites are
most probably formed with partiipation of only those
AISs of the 4d105p2nl onguration, whose energies are
lower than that of the 5p2 3P0 level. Above the exita-
tion threshold of this level, there exists a more energy-
eient eletron hannel of deay of suh AISs into levels
of the 5p2 onguration of this ion.
Due to the lak of data on energy positions of the
AISs of the indium atom, a lear interpretation of the
revealed struture is ompliated. For example, among
all possible AISs onverging to the levels of the 5p2 on-
guration, only the energy positions of the AISs of the
5p2(3P1)ns, 5p
2(3P1)nd, 5p
2(3P2)nd, 5p
2(1D2)nl, and
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5p2(1S0)nl ongurations are present in the literature
[16℄. It is strange that there are no data on the 5p2nl
AISs, whose onvergene limit is the
3P0 level, though
suh AISs for Ga
+
and Tl
+
ions are known [16℄. How-
ever, for this energy region (below the 5p2 3P0 level),
there were observed AISs identied in [16℄ as those of
the 5p2(1D2)nd onguration. That is, it was onsid-
ered that the 5p2 1D2 level in In
+
is loated below the
triplet 5p2 3Pj levels. The investigations performed in
[17℄ gave lear evidenes of the fat that there exists
a strong onguration interation between the 5p2 1D2
and 5s5d 1D2 levels, both of them divide between the
5p2 and 5s5d ongurations. Moreover, only the lat-
ter onguration an be asribed to the lower level.
In addition, there takes plae the onguration mixing
among all the shifted levels of the 5p2 onguration, as
well as among the shifted and ordinary levels. It fol-
lows from here that the AISs onverging to the above-
mentioned levels are also ongurationally mixed, whih
onsiderably ompliates, on the one hand, the identi-
ation of the revealed strutural peuliarities, but, on
the other hand, represents a strong argument of the fat
that suh a onguration mixing of the levels substan-
tially inreases the probability of radiation deay of the
AISs.
It is worth noting that the obtained eletron exitation
funtions are a superposition of the true eletron exita-
tion funtions of the investigated transitions, and the en-
ergy homogeneity of the eletron beam ∆E1/2 ∼ 0.8 eV.
That is why, in order to study the strutural peuliari-
ties of the energy dependenes below the eletron exi-
tation thresholds of the (4d105p2 3Pj → 4d
105s5p 3P o1 )
radiative transitions, we arried out the proedure of
deomposition of the measurement results into sepa-
rate omponents taking the magnitude of the instru-
ment funtion into aount by the proedure presented
in [19℄.
With regard for the above-stated onsiderations, we
may suppose that the struture of the studied energy
dependenes of the eetive exitation ross setions be-
low an energy of 10.8 eV (maxima m1 and m4) is aused
by the radiative transitions between the lowest (n = 6
8) 4d105p2(3P0,1)np and 4d
105s5p(3P o1 )np AIS ongu-
rations. As for the strutural peuliarities in the energy
range from 10.8 to 12.6 eV (maxima m2, m3, m5, m6,
and m7), they are resulted probably from the radiative
transitions between the lowest 4d105p2(3P0,1,2)ns, np, nd
and 4d105s5p(3P o1 )ns, np, nd AIS ongurations. It is
worth noting that, rst, the deay of these AISs is of
random nature. Seond, the AISs of the 4d95s25p2 on-
guration are also eiently exited in the investigated
region of eletron energies [16℄, whih an onsiderably
inuene the above-mentioned mehanisms of exitation
of the investigated dieletroni satellites.
4. Conlusions
The analysis of the energy dependenes of the eetive
exitation ross setions of dieletroni satellites of the
spetral lines (4d105p2 3Pj → 4d
105s5p 3P o1 ) of the In
+
ion has demonstrated that, along with the exitation of
dieletroni satellites of the resonane lines orrespond-
ing to the radiative transitions between AISs and bound
atomi states [20℄, there also takes plae the eetive
exitation (σ ∼ 10−16 m2) of those related to the ra-
diative transitions between the 4d105p2(3P0,1,2)nl and
4d105s5p(3P o1 )nl AISs of the indium atom. Moreover,
the radiative transitions (4d105p2 3Pj → 4d
105s5p 3P o1 )
(or radiative asades) represent an important fator of
the population of exited atomi states and, therefore,
one of the basi mehanisms of formation of the inten-
sities of the spetral ion lines, inluding the dieletroni
satellites of resonane lines.
The radiative transitions between the AISs initiated
by DR of an ion that were hosen as the investigation
objet, as well as the obtained results, are interesting
from the viewpoint of general physis and are impor-
tant for the pratial solution of a number of applied
problems of plasma physis and ontrolled thermonu-
lear fusion. Among the latter, we mention the prob-
lem of ionization balane, the development of radiation
models for plasma diagnostis, et.. As DR represents
an important element of the ionization balane and an
error in its determination an substantially inuene the
result, a orret allowane for radiative transitions be-
tween AISs, whose main exitation mehanism is DR, is
a neessary ondition of the establishment of the proper
relation between the observed intensities of spetral lines
and plasma parameters, whih forms a basis of its spe-
trosopi diagnostis.
Though the eetive DR ross setions (or reation
rates) have been theoretially investigated for deades,
the used theoretial methods give an error from 50% to
a fator of 2 [5℄. In this ase, the alulated onstants
are onsiderably lower than the experimentally observed
values. The allowane for suh additional fators as rel-
ativisti eets and the inuene of the external eletri
eld on the DR behavior allowed one to approah the-
oretial data to experimental ones. But in spite of the
substantial mathematial apparatus used in theoretial
works, a large disrepany between theory and experi-
ment makes one think that the theoretial alulations
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do not take into aount some fundamental peuliarity
of DR. The analysis of the results of our researhes gives
grounds to state that one of suh peuliarities is the ra-
diative asade from AISs to lower AISs.
In addition to a substantial improvement of the exper-
imental onditions (in partiular, the energy homogene-
ity of the eletron beam), a more solid analysis of the
manifestation of AISs in inelasti ollisions of slow ele-
trons with suh omplex many-eletron system as In
+
ion requires theoretial alulations with regard for the
radiation deay of AISs. This espeially onerns the
energy region near the exitation thresholds of spetral
lines, where the resonane ontribution of AISs is domi-
nant, whih will allow one to solve a number of problems
related to the ompetition between the proesses of au-
toionization and radiation.
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